We report a multiplanetary system found from the analysis of microlensing event OGLE-2018-BLG-1011, for which the light curve exhibits a double-bump anomaly around the peak. We find that the anomaly cannot be fully explained by the binary-lens or binary-source interpretations and its description requires the introduction of an additional lens component. The 3L1S (3 lens components and a single source) modeling yields three sets of solutions, in which one set of solutions indicates that the lens is a planetary system in a binary, while the other two sets imply that the lens is a multiplanetary system. By investigating the fits of the individual models to the detailed light curve structure, we find that the multiple-planet solution with planet-to-host mass ratios ∼ 9.5 × 10 −0.6 au, where the values of a ⊥,2 in and out the parenthesis are the separations corresponding to the two degenerate solutions, indicating that both planets are located beyond the snow line of the host, as with the other four multiplanetary systems previously found by microlensing.
FIG.
1.-Distribution of planets in multiple planetary systems on the a/asnow-m planet plane. The plot is based on 257 planets in 109 systems with known planet masses. Here asnow represents the snow line. In order to compare the planets with those of the Solar system, we present the locations of Jupiter ("J"), Saturn ("S"), Uranus ("U"), and Neptune ("N"). The colors of points indicate the detection methods that are marked in the inset.
INTRODUCTION
Detecting planetary systems with multiple planets located around and beyond the snow line is important for the investigation of the planet formation scenario. In planetary systems, snow line a snow indicates the distance from the central star at which the temperature is low enough for volatile compounds such as water, methane, carbon dioxide, and carbon monoxide to condense into solid ice grains. According to the standard theory of planet formation, i.e., core-accretion theory (Mizuno 1980; Stevenson 1982; Pollack et al. 1996) , giant planets are thought to form around the snow line because the solid grains of water and other compounds rapidly accumulate into large planetary cores that will eventually grow into giant planets. The high efficiency of giant planet formation in this region may help the formation of multiple planets as demonstrated by the existence of the two giant planets in the Solar system, i.e., Jupiter and Saturn. Furthermore, there can be multiple snow lines corresponding to the individual compounds of protostar nebula and each snow line may be related to the formation of specific kinds of planets (Cleeves 2016) . Around a Sun-like star, for example, the water snow line would roughly correspond to the orbit of Jupiter and the carbon monoxide snow line would approximately correspond to the orbit of Neptune. Therefore, estimating the occurrence rate of multiplanetary systems with cold planets will provide an important constraint on the planet formation mechanism.
Microlensing provides an important tool to detect multiplanetary systems with cold, wide-orbit planets. There currently exist 1325 planets in 657 known multiplanetary systems by the time of writing this paper. 43 Most of transit planets and majority of RV planets in multiplanetary systems are hot or warm planets located within the snow lines of the systems, and many of these planets are believed to have migrated from the place of their formation to their current locations by various dynamical mechanisms (Lin et al. 1996; Ward 1997; Murray et al. 1998) . Microlensing, on the other hand, is sen- sitive to cold planets that are likely to have formed in situ and have not undergone large-scale migration, and thus construction of an unbiased sample of planets in this region is important for the investigation of giant planet formation. The high sensitivity of the microlensing method to wide-orbit planets in multiple planetary systems is shown in the distribution of planets on the a/a snow -m planet plane presented in Figure 1 . Here a and m planet represent the semi-major axis and mass of the planet, respectively. Furthermore, the microlensing method does not rely on the luminosity of the host star. This makes the microlensing method a useful tool for investigating multiplanetary systems with faint host stars, for which the sensitivity of the other methods is low. This is particularly important for probing exoplanet populations, given that M dwarfs are the most common stars in the Galaxy.
There exist four reported multiple-planet systems detected using the microlensing method. The first system, OGLE-2006-BLG-109L, is composed of a host with approximately half of the solar mass and two planets with masses of ∼ 0.71 M J and ∼ 0.27 M J and orbital separations of ∼ 2.3 au and ∼ 4.6 au, and thus the system resembles a scaled version of our solar system in that the mass ratio, separation ratio, and the equilibrium temperatures of the planets are similar to those of Jupiter and Saturn Bennett et al. 2010) . For OGLE-2012-BLG-0026L, two planets with masses of ∼ 0.145 M J and ∼ 0.86 M J are orbiting a host star with a mass ∼ 1.06 M ⊙ Beaulieu et al. 2016) . For this system, there exist 4 degenerate solutions in the interpretation of the projected planethost separations, but the separations of the individual planets are beyond the snow line in all solutions, being ∼ 4.0 au and ∼ 4.8 au for the best-fit solution. From the statistical arguments and dynamical analysis of the orbital configuration, Madsen & Zhu (2019) argued that the two massive planets in OGLE-2012-BLG-0026L were likely in a resonance configuration. For OGLE-2014-BLG-1722L, two planets with masses of ∼ 0.18 M J and ∼ 0.27 M J are orbiting a late-type star with a mass of ∼ 0.4 M ⊙ . The projected separations from the host are ∼ 1.5 au for the first planet and ∼ 1.7 au or ∼ 2.7 au for the second planet, and thus both planets are also located beyond the snow line (Suzuki et al. 2018 ). OGLE-2018-BLG-0532L is the most recently reported candidate system, in which two planets with masses of ∼ 8 M ⊕ and ∼ 0.7 M J are located around an M-dwarf host having a mass of ∼ 0.25 M ⊙ with projected separations from the host of ∼ 1.4 au and 5.6 au, respectively (Ryu et al. 2019) . From the detection efficiency analysis of the MOA (Suzuki et al. 2016 ) and µFUN (Gould et al. 2010 ) surveys for the two microlensing multiplanetary systems OGLE-2006 -BLG-109L and OGLE-2014 -BLG-1722L, Suzuki et al. (2018 estimated that the occurrence rate of systems with multiple cold gas giant systems was 6% ± 2%. We note that the multiple-planet signatures in the lensing light curves are securely detected for OGLE-2006-BLG-109L and OGLE-2012-BLG-0026L, but the signatures for OGLE-2014-BLG-1722L and OGLE-2018-BLG-0532L are less reliable.
In this paper, we report a new multiple-planet system discovered by analyzing the combined data of the microlensing event OGLE-2018-BLG-1011 obtained by five lensing surveys. We describe data acquisition and processing in Section 2. In Sections 3 through 5, we describe the detailed procedure of analysis leading to the interpretation of the lens as a multiple-planet system. In Sections 6 and 7, we characterize the source of the event and estimate the physical parameters of the lens system, respectively. We summarize the results and conclude in Section 8.
OBSERVATION AND DATA
The source star of the microlensing event OGLE-2018-BLG-1011 is located toward the Galactic bulge with equatorial coordinates (R.A., decl.) J2000 = (17 : 56 : 03.36, −29 : 04 : 58.4), which correspond to Galactic coordinates of (l, b) = (1.04
• , −2.04
In the middle panel of Figure 2 , we present the ∼ 2.2 year baseline light curve observed by the OGLE survey. The top panel, showing the light curve for 100 days FIG. 4 .-∆χ 2 distribution on the plane of the binary-lensing parameters s and q. The color coding indicates points within 1nσ (red), 2nσ (yellow), 3nσ (green), 4nσ (cyan), 5nσ (blue), and 6nσ (purple) with respect to the best-fit value and n = 10. during 7800 ≤ HJD ′ ≡ HJD − 2450000 ≤ 7900, is presented to check the short-term variability of the source brightness. It is found that the baseline magnitude, I base ∼ 18.63, is stable and the light curve does not show noticeable variability. We further investigate the source variability by computing the power spectrum using the PERIOD04 code of Lenz & Breger (2005) . The power spectrum is presented in the bottom panel. The dashed line represents the limit with the signal-to-noise ratio S/N = 4, which is the empirically proposed threshold for variability (Breger et al. 1993) . The spectrum shows no periodic variability greater than the imposed threshold, indicating that the source flux has been stable.
The brightening of the source star induced by lensing was found in the early rising stage of the event by the Optical Gravitational Lensing Experiment (OGLE: Udalski et al. 2015b) , and the discovery was notified to the microlensing community on 2018-06-07 (HJD ′ ∼ 8277). The event was in the OGLE-IV BLG505.23 field that was monitored with a cadence of 1 day using the 1.3 m telescope located at the Las Campanas Observatory in Chile. Most OGLE data were acquired in I band, and some V -band images were obtained for the source color measurement.
The event was also located in the fields of two other major lensing surveys, namely the Microlensing Observations in Astrophysics (MOA: Bond et al. 2001; Sumi et al. 2003) and Korea Microlensing Telescope Network (KMTNet: Kim et al. 2016) . The MOA observations of the event were conducted in a customized broad R band using the 1.8 m telescope located at the Mt. John Observatory in New Zealand. The cadence of the MOA survey was ∼ 10/night in a survey mode and reached up to 40/night when the anomaly in the lensing light curve was in progress. The event was designated as MOA-2018-BLG-182 in the list of the "MOA Transient Alerts" page.
44
The KMTNet survey utilizes three identical 1.6 m telescopes that are globally distributed for continuous coverage of lensing events. The individual telescopes are located at 44 http://www.massey.ac.nz/∼iabond/moa/alert2018/alert.php.
the Siding Spring Observatory in Australia (KMTA), Cerro Tololo Interamerican Observatory in Chile (KMTC), and the South African Astronomical Observatory in South Africa (KMTS). The event was in the two overlapping fields (BLG02 and BLG042) of the KMTNet survey and images were obtained mainly in I band with occasional V -band data acquisition. We use V -band data not only for the source color measurement but also for the light curve analysis to maximize the coverage of the short-term anomaly that appeared in the peak of the event light curve. The observational cadence of the KMTNet survey varied depending on the observation site, ranging 4/hr for the KMTC telescope and 6/hr for the KMTA and KMTS telescopes. The event was detected by the KMTNet "event finder" (Kim et al. 2018) and was named as KMT-2018 -BLG-2122 Besides the three major microlensing surveys, the event was also observed by two lower-cadence surveys conducted by utilizing the Canada-France-Hawaii Telescope (CFHT) (Zang et al. 2018 ) and the 3.8 m United Kingdom Infrared Telescope (UKIRT) (Shvartzvald et al. 2017 Figure 3 . The alert triggered real-time analysis of the light curve and a series of models, all of which were based on binary-lens interpretations, were released by V. Bozza, A. Cassan, D. Bennett, and Y. Hirao during the progress of the anomaly. Although results were not circulated, the first author of this paper (C. Han) was also conducting analysis of the event with the progress of the event. When the anomaly ended, however, it was found that none of these models could fully explain the observed anomaly. The fact that the real-time analyses done by five people using separate, independentlywritten softwares reached the same conclusion that a binarylens interpretation cannot properly explain the observed data strongly suggests that one needs an interpretation of the event that is different from the binary-lens explanation.
We note that there are gaps in the data during the anomaly despite the coverage by five surveys. The gaps centered at HJD ′ ∼ 8284.4 and 8285.4 could have been covered by KMTS telescope located in Africa and the gap centered at HJD ′ ∼ 8286.2 could have been observed by KMTA telescope located in Australia. Unfortunately, no data could be obtained because of the poor weather conditions of the sites.
In our analysis of the event, we use photometry data processed with the codes developed by the individual survey groups: Woźniak (2000) (OGLE), Bond et al. (2001) (MOA) and Albrow (2017) (KMTNet) . All of these codes are based on the difference imaging technique of Alard & Lupton 45 http://ogle.astrouw.edu.pl/ogle4/ews/ews.html. (1998). For a subset of KMTNet data, additional photometry is processed using the pyDIA photometry (Albrow 2017) to measure the source color. For the use of multiple data sets obtained by different groups and processed by using different photometry codes, we normalize the photometric measurement uncertainties of the data sets following the procedure of Yee et al. (2012) , in which the photometric uncertainties are rescaled by
The quadratic term σ 0 is added so that the cumulative distribution of χ 2 ordered by magnification is approximately linear. This process ensures the dispersion of data points consistent with error bars. The coefficient "k" is a factor used for rescaling the errors so that χ 2 per degree of freedom (χ 2 /dof) for each data set becomes unity. The latter process is needed to prevent each data set from being under or over-represented compared to other data sets. In Table 1 , we present the values of k and σ 0 . 
NOTE. -HJD ′ = HJD − 2450000.
BINARY-LENS (2L1S) INTERPRETATIONS
The light curve of the event exhibits an anomaly that is characterized by two bumps near the peak. We start the analysis of the anomaly with the "2L1S" interpretation, in which the event is produced by a lens composed of two masses, "2L," deflecting the light from a single source, "1S."
It is known that a double-bump feature in the peak region of a lensing light curve can be produced by two major channels of 2L1S events (Han & Gaudi 2008) . One channel is the case, in which the source trajectory approaches the two neighboring cusps of the central caustic produced by a binary lens composed of similar masses with a projected separation between the lens components significantly smaller (close binary) or wider (wide binary) than the Einstein radius θ E of the lens system. The other channel is the case, in which the source approaches the back-end cusp of the central caustic produced by a planetary lens system with a mass ratio between the lens components q ≪ 1 and a star-planet separation similar to θ E (Choi et al. 2012; Park et al. 2014; Bozza et al. 2016) . We refer to the former and latter channels as the "binary" and "planetary" channels, respectively.
For the 2L1S analysis, we first conduct a dense grid search for the lensing parameters s and q, which represent the binary separation normalized to θ E and the mass ratio between the lens components, respectively. Considering that central perturbations can be produced either by a planetary companion with a low mass ratio or a binary companion with very wide or close separations from the primary, we set the ranges of s and q for the grid search wide enough to check both the planetary and binary solutions. The initial grid search is done in the ranges of −1.0 ≤ log s ≤ 1.0 and −4.0 ≤ log q ≤ 1.0 for the separation and mass ratio, respectively, with 50 grids for each range. We then identify local minima in the distribution of ∆χ 2 on the s-q plane. For the individual local solutions, we gradually narrow down the ranges of the parameter space in the grid search. Besides these lensing parameters, a basic 2L1S modeling requires additional parameters, including the time of the closest lens-source approach, t 0 , the lens-source separation at that time, u 0 (normalized to θ E ), the Einstein timescale, t E , and the source trajectory angle with respect to the binary-lens axis, α. In the case when the source crosses the caustic formed by the binary lens, the lensing light curve is affected by finite-source effects and one needs an additional parameter of ρ, which represents the source radius θ * nor-FIG. 5.-Model light curves of the two solutions obtained for the 2L1S interpretation: binary (blue curve: s < 1.0 (close solution); cf., Table 3 ) and planetary (red curve: s < 1.0 close solution); cf., Table 3 ) solutions. The two lower panels show the residuals from the individual models. The lenssystem configurations corresponding to the individual solutions are presented in Fig. 6 . malized to θ E , i.e., ρ = θ * /θ E , to account for these effects. (MCMC) method. In computing finite-source magnifications, we consider surface-brightness variation of the source stars caused by the limb darkening. The stellar type of the source turns out to be a G-type turn-off star (Section 6) and thus we adopt a linear limb-darkening coefficient of Γ I = 0.5. For a given set of (s, q), we search for the other lensing parameters using a downhill approach based on the Markov Chain Monte Carlo (MCMC) method.
In Figure 4 , we present the distribution of ∆χ 2 from the best-fit model on the s-q parameter plane obtained from the initial grid search. We find that there exist four local solutions. For one pair of the local solutions, the mass ratios are q ∼ 1, and thus the solutions correspond to binary-lens solutions. For the other pair, the mass ratios are q < 10 −2 , indicating that they correspond to planetary mass lens solutions. For each pair, we find that there exist two solutions with s < 1 (close solution) and s > 1 (wide solution), which are gener-FIG. 6.-Lens-system configurations of the 2L1S solutions. The upper and lower panels correspond to the "binary" (with s < 1.0) and "planetary" (with s < 1.0) solutions, respecively. In each panel, the line with an arrow represents the source trajectory and the red close curve is the caustic. The blue dots marked by M 1 and M 2 denote the positions of the binary lens components.
ated by the close/wide degeneracy (Griest & Safazadeh 1998; Dominik 1999) .
In Figure 5 , we present the model light curves corresponding to the "binary" (blue curve) and "planetary" (red curve) 2L1S solutions superposed on the observed data, together with the residuals from the models (presented in the lower two panels). We note that the individual solutions are further refined based on the local minima obtained from the grid search by allowing all lensing parameters, including s and q, to vary. In Table 2 , we compare the χ 2 values of the four 2L1S solutions. In Table 3 , we list the best-fit lensing parameters of the individual 2L1S solutions. We also note that the model light curves corresponding to the close and wide solutions of each of the binary and planetary solution pairs are similar to each other and thus in Figure 5 we present the one yielding a better fit to the data. In Figure 6 , we present the lens-system configurations, which represent the source trajectory with respect to the caustic, of the binary (upper panel) and planetary (lower panel) solutions. We note that the presented configurations are for the close (s < 1.0) solutions. From the fits of the individual models to the observed data, it is found that the binary-lens solution leaves substantial residuals in the region 8284.5 HJD ′ 8285.6, and the planetary solution leaves residuals in the region 8285.6 HJD ′ 8286.0. These residuals indicate that neither the binary nor the planetary 2L1S solutions adequately describe the observed data and suggest that a new interpretation of the light curve is required.
We additionally check whether the fit further improves by considering the microlens-parallax (Gould 1992) and/or the lens-orbital (Dominik 1998; Ioka et al. 1999 ) effects. It is found that the improvement by these higher-order effects is negligible, mainly due to the short timescale, t E ∼ 12 days, of the event. Gaudi (1998) pointed out the possibility that a short-term perturbation, which was the main feature of a planetary microlensing signal produced by major-image perturbations, could be reproduced by a subset of binary-source events, in which a single-mass lens, 1L, passed close to the fainter mem- (Hwang et al. 2013) , and OGLE-2014-BLG-1186 (Dominik et al. 2019) . Besides the short-term anomaly considered by Gaudi (1998) , it was shown that the 2L1S/1L2S degeneracy could extend to various cases of planetary lens system configurations from the analysis of anomalies in the cases of OGLE-2016-BLG-0733 by Jung et al. (2017) and KMT-2017-BLG-0962 and KMT-2017-BLG-1119 by Shin et al. (2019) .
BINARY-SOURCE (1L2S AND 2L2S) INTERPRETATION
We check the binary-source interpretation of the anomaly in the light curve of OGLE-2018-BLG-1011 by conducting a 1L2S modeling of the observed light curve. The addition of the source companion requires the inclusion of additional parameters in modeling. These parameters are t 0,2 , u 0,2 , and q F , which represent the time of the closest lens approach to the source companion, the impact parameter to the companion, and the flux ratio between the source stars, respectively. We note that finite-source effects are considered in the modeling. From this modeling, we find that the 1L2S solution provides a poorer fit than the best-fit 2L1S solutions, by ∆χ 2 = 2313.1 and 2418.9 compared to the binary and planetary 2L1S solutions, respectively, and thus we reject the solution. In Figure 7 , we present the best-fit 1L2S model (dotted curve superposed on the data points).
We also check the model in which both the source and lens are binaries, 2L2S model. Figure 7 shows the model light curve (solid curve) of the best-fit 2L2S solution. In Figure 8 , we also present the lens-system configuration corresponding to the model. We note that there are two source trajectories because the source is a binary in the 2L2S model. The solution provides a better fit than the 2L1S and 1L2S solutions, but it leaves noticeable residuals in the region 8282.5 HJD ′ 8283.2. As we will show in the following section, the fit of the 2L2S solution is worse than the best-fit solution based on other interpretation by ∆χ 2 = 329.6. In Table 2 , we list the Fig. 6 except that there are two source trajectories because the source is a binary. The trajectories marked by S 1 and S 2 represent those of the brighter and fainter source stars, respectively. χ 2 values of the 1L2S and 2L2S solutions. In Table 3 , we also list the best-fit lensing parameters of the 1L2S and 2L2S solutions.
TRIPLE-LENS (3L1S) INTERPRETATION
Knowing the inadequacy of the 2L1S, 1L2S, and 2L2S solutions in describing the observed light curve, we then model the light curve assuming a triple-lens interpretation, in which the lens contains 3 components, 3L. We try 3L1S modeling because the solutions obtained from the 2L1S modeling partially describe the observed central perturbation and the residual from the 2L1S model may be explained by introducing an additional lens component.
Central perturbations of lensing light curves in 3L1S cases can be produced through two major channels. One channel is through multiple-planet systems, in which the individual planets located in the lensing zone can affect the magnification pattern of the central perturbation region . Among the four known multiplanetary systems detected by microlensing, three systems, OGLE-2006 -BLG109Lb,c, OGLE-2012 -BLG-0026Lb,c, and OGLE-2018 , were detected through the central perturbations induced by two planets. The other channel is through planet+binary systems. Similar to the central caustic produced by a planet, a very close or a very wide binary companion can also induce a small caustic in the central magnification region and thus can affect the magnification pattern. Among the four known microlensing planetary systems in binaries 46 , the circumbinary planetary system OGLE-2007-BLG-349L(AB)c was detected through this channel.
The lensing behavior of triple-lens systems is qualitatively different from that of binary-lens systems, resulting in a complex caustic structure, such as nested caustic and selfintersections. The range of the critical-curve topology and the caustic structure of the triple lens has not yet been fully explored, making it difficult to analyze triple-lens events (Daněk & Heyrovský 2015 . As a result, there are some events suspected to be triple-lens events, but plausible models have yet not been proposed, e. Despite the diversity and complexity of the lensing behavior, triple-lens events can be readily analyzed for some specific lens cases. One such a case occurs when the lens companions produce small perturbations with minor interference in the magnification pattern between the perturbations produced by the individual companions. In this case, the resulting anomaly can be approximated by the superposition of the two binary anomalies, in which the individual primary-companion pairs act as independent 2-body systems (Han 2005) . This binary-superposition approximation can be applied for two cases of triple-lens systems, in which the lens is composed of multiple planets, as demonstrated in the cases of OGLE-2006-BLG-109 ) OGLE-2012-BLG-0026 , and planets in close or wide binary systems, as demonstrated in the case of OGLE-2016-BLG-0613 (Han et al. 2017 ). The 2L1S modeling of OGLE-2018-BLG-1011 yields two local solutions, with a planetary companion and a close/wide binary companion, respectively. This suggests that the event may be the case for which the analysis based on the superposition approximation is valid.
The 3L1S modeling is done in two steps. In the first step, we conduct a grid search for the separation s 3 and mass ratio q 3 between M 1 and M 3 , and the orientation angle ψ of the third body with respect to the M 1 -M 2 axis. Here, we use the subscripts "1"-"3" to denote the individual lens components. In this search, we fix the values of (s 2 , q 2 , α) as those obtained from the 2L1S modeling. Because two local 2L1S solutions are found, i.e., the "binary" and "planetary" solutions, we conduct two sets of modeling with the initial values of (s 2 , q 2 , α) of the "binary" and "planetary" solutions obtained from the 2L1S modeling. We use the parameters of the close 2L1S solution as the initial parameters, but the result would not be affected with the use of the wide solution parameters because of the similarity between the model light curves of the close and wide solutions. In Figure 9 , we present the ∆χ 2 map in the s 3 -q 3 parameter plane obtained from the grid search with the initial values of the "planetary" 2L1S solution. In the second step, we refine the solutions found from the grid search by allowing all parameters to vary. The 3L1S modeling yields three sets of solutions. One set of solutions results from the starting values of (s 2 , q 2 , α) of the binary 2L1S solution and the other two sets result from the starting (s 2 , q 2 , α) values of the planetary 2L1S solution. The solutions found based on the binary 2L1S solution indicates that the lens is a planetary system in a binary. We designate these solutions as the "planet-binary" solutions. The two sets of solutions found based on the planetary 2L1S solution indicate that the lens is a multiplanetary system. We designate these two sets of solutions as the "multiple-planet (I)" and "multiple-planet (II)" solutions. For all 3L1S solutions, the fits greatly improve with respect to the 2L1S and 1L2S models and the gross features of the anomalies are better described. In Table 2 , we list the χ 2 values of the individual solutions. We discuss the details of the individual solutions in the following subsections.
Planet-binary solution
We find the "planet-binary" 3L1S solutions from the modeling using the initial values of (s 2 , q 2 , α) obtained from the "binary" 2L1S solution. We find four degenerate solutions resulting from the close/wide degeneracy in the separations between M 1 -M 2 (s 2 < 1.0 and s 2 > 1.0) and M 1 -M 3 (s 3 < 1.0 and s 3 > 1.0) pairs. In Table 4 , we list the lensing parameters of the individual solutions along with χ 2 values. It is found that the solutions with s 2 < 1.0 are preferred over the solutions with s 2 > 1.0 by ∆χ 2 40. For the two solutions with s 2 < 1.0, however, the degeneracy between the solutions with s 3 < 1.0 and s 3 > 1.0 is very severe, i.e., ∆χ 2 ∼ 0.5. In Figure 10 , we present the model light curve (blue dashed curve) of the best-fit planet-binary solution (with s 2 < 1.0 and s 3 < 1.0) and the residual from the model. In Figure 11 , we also present the lens-system configuration corresponding to the solution. We note that the central caustic structures of the other degenerate solutions are similar to the presented one. According to the planet-binary solutions, the source trajectory passed the upper tip of the central caustic, producing two caustic-crossing spikes at HJD ′ ∼ 8284.3 (caustic entrance) and 8284.5 (caustic exit), but the crossings happened in the region of the data ending just before the caustic entrance and starting just after the caustic exit. See the enlarge view of the crossing-crossing region of the light curve presented in the lower middle inset of the top panel in Figure 10 . As a result, the value of the normalized source radius ρ cannot be securely measured and its value is not presented in Table 4 .
By comparing the lens-system configuration of the "planetbinary" 3L1S solution (presented in Figure 11 ) with that of the "binary" 2L1S solution (presented in the upper panel in Figure 6 ), one finds that a tiny wedge-shape caustic appears due to the additional planetary companion with a mass ratio of q 3 ∼ (1.7 − 2.8) × 10 −3
. From the comparison with the "binary" 2L1S model (presented in Figure 5 ), it is found that the introduction of the third body substantially reduces the residuals of the 2L1S solution in the region 8284.5 HJD ′ 8285.1 and improves the fit by ∆χ 2 ∼ 645. We find that the fit improvement by the microlens-parallax and lens-orbital effects is negligible.
Multiple-planet (I) solution
The "multiple-planet (I)" 3L1S solution set is one of the two sets of solutions obtained using the starting values of (s 2 , q 2 , α) from the "planetary" 2L1S solution. For this set of solutions, we find two degenerate solutions caused by the close/wide degeneracy in estimating the M 1 -M 2 separation, s 2 . The projected separation between M 1 and M 3 is very close to unity, s 3 ∼ 1.08, and thus there is no close/wide degeneracy in estimating s 3 . It is found that the solution with s 2 < 1.0 is slightly preferred over the solution with s 2 > 1.0 by ∆χ 2 = 6.9. Both companions M 2 and M 3 have planetary mass ratios of q 2 ∼ 6.5 × 10 −3 and q 3 ∼ 3.7 × 10 −3
, respectively, in-FIG. 10.-Model light curves of the three solutions obtained for the 3L1S interpretation: "planet-binary" (blue curve: s 2 < 1, s 3 < 1; cf., Table 4 ), "multipleplanet (I)" (red curve: s 2 < 1; cf., Table 5 ), "multiple-planet (II)" (black curve: s 2 > 1, s 3 < 1; cf., Table 6 ). The three lower panels show the residuals from the individual models. The upper left inset in the top panel shows the enlarged view of the source star's cusp approach at around HJD ′ ∼ 8283.0 according to the "multiple-planet (I)" solution, and the lower middle inset shows the zoom of the caustic-crossing region according to the "planet-binary" solution.
dicating that the lens is a multiplanetary system composed of two giant planets. In Table 5 , we list the lensing parameters for both solutions with s 2 < 1.0 and s 2 > 1.0. The "multipleplanet (I)" solution with s < 1.0 provides a better fit than the planetary planetary 2L1S solution by ∆χ 2 = 555.9. In Figure 10 , we plot the model light curve of the "multipleplanet (I)" solution with s 2 < 1.0 (red dotted curve) and the residuals from the model. In Figure 12 , we also present the lens-system configurations corresponding to the solution. It is found that the third body M 3 induces a resonant caustic in the central magnification region in addition to the central caustic induced by M 2 . We note that the solution with s 2 > 1.0 results in a similar central caustic. In the inset of Figure 12 , we mark the positions of the source corresponding to the two major bumps at t 1 = HJD ′ ∼ 8284.6 and t 2 ∼ 8285.4. It is found the first bump at t 1 is produced when the source approaches the back-end cusp of the caustic induced by M 2 , while the second bump at t 2 is produced by the source approach close to one of the back-end cusps of the caustic induced by M 3 . We note that the source approaches another cusp induced by M 3 at the position marked by t ′ ∼ 8283.0 in the inset of Figure 12. This approach also produces a bump, although the bump is weak. See the upper left inset in the top panel of Figure 10. We note that, unlike the binary-planet solution, the "multiple-planet (I)" solution explains the anomaly without a caustic-crossing feature. As a result, and similarly to the binary-planet solution, the normalized source radius ρ cannot be measured and it is not presented in Table 5 . Similar to the case of the binary-planet solution, the higher-order effects are not important for the description of the observed light curve.
5.3. Multiple-planet (II) solution For given (s 2 , q 2 , α) values of the "planetary" 2L1S solution, we find another set of 3L1S solutions. We designate these solutions as the "multiple-planet (II)" solutions. The mass ratios between M 1 and M 3 of the "multiple-planet (II)" solutions is q 3 ∼ 15 × 10 −3 , which is considerably bigger than mass ratios of the "multiple-planet (I)" solutions of ∼ 3.7 × 10 −3
. In addition, the M 1 -M 3 separations of the "multipleplanet (II)" solutions are substantially different from unity, while the s 3 values of the "multiple-planet (I)" solutions are close to unity. The best-fit "multiple-planet (II)" solution (with s 2 > 1.0 and s 3 < 1.0) yields a better fit to the observed data than the planetary 2L1S solution by ∆χ 2 = 722.0. In Table 6 , we list the lensing parameters of the "multipleplanet (II)" solutions. We find that there exist 4 solutions re- FIG. 11.-Lens-system configuration of the "planet-binary" 3L1S solution with s 2 < 1.0 and s 3 < 1.0. The blue dots marked by M 1 , M 2 , and M 3 represent the locations of the three lens components. The inset shows the enlargement of the central caustic region. We note that the central caustic structures of the other three degenerate solutions presented in Table 4 are similar to the presented one.
sulting from the close/wide degeneracies in both s 2 and s 3 . From the comparison of the χ 2 values of the individual solutions, it is found that the solutions with s 3 < 1.0 is favored over the solutions with s 3 > 1.0 by ∆χ 2 ∼ 40. However, the two solutions resulting from the close/wide degeneracy in s 2 is very severe with ∆χ 2 = 0.3. In Figure 10 , we present the model light curve of the solution with s 2 > 1.0 and s 3 < 1.0, which yields the best-fit to the data, and the residual from the model.
In Figure 13 , we present the lens-system configuration of the best-fit "multiple-planet (II)" solution. The central caustic appears to be the superposition of the two sets of central caustics induced by the M 1 -M 2 and M 1 -M 3 2-body lens pairs. According to this solution, the bumps at t 1 and t 2 are produced by the successive approaches of the source close to the backend cusps of the central caustic produced by the M 1 -M 2 binary pair. However, the cusp of the first source approach is deformed by M 3 and thus the central caustic is different from FIG. 12.-Lens-system configuration of the "multiple-planet (I)" 3L1S solution with s 2 < 1.0. Notations are same as those in Fig. 11 . The three "X" marks in the inset represent the source positions at the times of the cusp approaches at t 1 = 8284.6, t 2 = 8285.4, and t ′ = 8283.0.
that of the central caustic of the M 1 -M 2 binary. We note that the patterns of central caustics for the other degenerate solutions are similar to the presented one.
For the "multiple-planet (II)" solutions, the source does not cross the caustic, but finite-source effects are securely detected unlike the previous two sets of 3L1S solutions. To investigate the reason for this, we construct the magnification pattern around the central caustic. Figure 14 shows the constructed magnification contour map, in which the innermost contour is drawn at A = 50 and the other contours are drawn at the descending magnifications with a step ∆A = 2 from the center toward outward. The line with an arrow represents the source trajectory and the two orange circles on the trajectory represent the source locations at the times of the first (t 1 ) and second (t 2 ) caustic approaches, respectively, and the size of the circle is scaled to the source size. We find that the magnification on the surface of the source varies substantially and this results in deviation of the light curve from the point-source light curve during the times around both bumps. From the deviation of the light curve, the normalized source FIG. 13.-Lens-system configuration of the "multiple-planet (II)" 3L1S solution with s 2 > 1.0 and s 3 < 1.0. Notations are same as those in Figure 11 . The small empty circle in the inset represents the source and it is presented to show the scaled size of the source relative to the caustic.
FIG. 14.-Magnification pattern around the central caustic of the "multiple-planet (II)" solution with s 2 > 1.0 and s 3 < 1.0. The innermost contour is drawn at A = 50 and the other contours are drawn at the descending magnifications with a step ∆A = 2 from the center toward outward. The two empty circles represent the source locations at the times of the two major bumps at t 1 = 8284.6 and t 2 = 8285.4, and the size of the circle is scaled to the source size.
radius is securely measured. Although there is some variation depending on the solution, the measured normalized source radius is ρ ∼ 0.012. In Figure 15 , we present the distribution of points in the MCMC chain on the u 0 -ρ plane for the bestfit "multiple-planet (II)" solution. Higher-order effects are not detected for the solution. Because the overall features of the observed central perturbation are described by three sets of 3L1S solutions, we closely investigate the individual solutions. For this, we construct a cumulative distribution of ∆χ Here the subscripts "pb" and "m-p" denote "planet-binary" and "multiple-planet" solutions, respectively. In Figure 16 , we present the constructed cumulative ∆χ 2 distributions. From the cumulative ∆χ 2 distributions, together with the residuals of the three solutions presented in Figure 10 , we find that the "multiple-planet (II)" solution provides a better fit over the other two solutions. Compared to the "planetbinary" solution, the "multiple-planet (II)" solution better explains the rising part of the light curve in the region of the anomaly at HJD ′ ∼ 8285.2, resulting in a better fit by ∆χ 2 = 107.7 over the "planet-binary" solution. The "planetbinary" solution is additionally disfavored by Occam's razor because the major features occur only during the gap in the data. Compared to the "multiple-planet (I)" solution, the "multiple-planet (II)" solution better describes the light curve in the region 8282.0 HJD ′ 8284.1, resulting in a better fit by ∆χ 2 = 65.9. We note that according to the "multipleplanet (I)" solution, the source approached a cusp of the caustic induced by M 3 at around t ′ ∼ 8283.0, producing a weak bump. However, no such a bump is expected according to the "multiple-planet (II)" solution, and this makes the solution better fit the data over the "multiple-planet (I)" solution. Considering the better description of the detailed structures of the lensing light curve over the other models, we conclude that the "multiple-planet (II)" solution provides the most plausible model of the observed data.
SOURCE STAR
Characterizing a source star in microlensing is important in order to estimate the angular Einstein radius, θ E , that is related to the angular source radius θ * by For OGLE-2018-BLG-1011, the normalized source radius is securely measured despite that the source does not cross the caustic. Then, one needs to estimate the angular source radius to estimate the angular Einstein radius.
For the estimation of the angular source radius, we first estimate the de-reddened color (V − I) S,0 and brightness I S,0 of the source star. For this estimation, we use the Yoo et al. (2004) method, in which the color and magnitude are cali- These values indicate that the source is a late G-type turn-off star. In Figure 17 , we also mark the position of the blend in the CMD. It is found that the blend has a color and a brightness that are similar to those of the source. The brightness of the blend is I b = 19.04 ± 0.01 as measured in the OGLE photometry system, which is approximately calibrated.
With the known de-reddened color and brightness, the angular source radius is estimated first by converting the V − I color into the V − K color using the color-color relation (Bessell & Brett 1988) and second using the (V − K)/θ * relation (Kervella et al. 2004 ). This procedure yields the angular source radius of θ * = 1.98 ± 0.08 µas.
We note that two major factors affect the precision of the estimated angular source radius. The first is the uncertainty of the de-reddened color, ∼ 0.05 mag, and the other is the uncertainty in the position of RGC, ∼ 0.1 mag. The uncertainty of θ * is estimated by considering the combined uncertainty, which is ∼ 7%, of these two factors (Gould 2014a) . With the measured θ * together with ρ, the angular Einstein radius is estimated as
With the angular Einstein radius combined with the event timescale, the relative lens-source proper motion is estimated as
In Table 7 , we summarize the colors and magnitudes of the source and blend and the estimated angular source radius, Einstein radius, and the relative lens-source proper motion. For an independent constraint on the source star distance, we check the source information in the list of Gaia data release 2 (Gaia DR2: Gaia Collaboration 2018). However, there is no information of the absolute parallax and proper motion of the source because the source, with a G-band magnitude of G = 19.76, is fainter than the Gaia limit of G ∼ 18. As a result, it is difficult to constraint the source distance from the Gaia data.
PHYSICAL PARAMETERS
For the unique determination of the mass, M, and distance to the lens, D L , one needs to measure both the angular Einstein radius θ E and the microlens parallax π E , which are related to M and D L by the relations
where κ = 4G/(c 2 au), π S = au/D S , and D S is the source distance, which is ∼ 8 kpc for a source star located in the bulge. For OGLE-2018-BLG-1011, the angular Einstein radius is measured, but the microlens parallax is not measured. We, therefore, estimate the physical lens parameters by conducting Bayesian analysis with the constraints of the measured t E and θ E .
A microlensing Bayesian analysis requires prior models of the lens mass function and the physical and dynamical distributions of the Galaxy. We adopt the mass function of Chabrier (2003) for stars and that of Gould (2000) for stellar remnants. For the physical and dynamical distributions, we adopt Han & Gould (2003) and Han & Gould (1995) models, respectively. For more details of these models, see section 5 of Han et al. (2018) . Based on these priors, we conduct a Monte Carlo simulation and produce 2 × 10 6 microlensing events. We then construct the distributions M and D L for events that have timescales and angular Einstein radii within the ranges of the measured t E and θ E . We estimate M and D L as the median values of the distributions and their lower and upper limits are estimated as the 16% and 84% of the distributions, respectively.
In the Bayesian analysis, we also impose the constraint of NOTE. -The a ⊥,2 value in the parenthesis is for the solution with s 2 > 1.0. the lens brightness so that the lens cannot be brighter than the measured blend brightness of I b ∼ 19.0. The lens brightness is computed based on the mass, distance, and extinction. We assume that the extinction linearly increases with distance until it becomes A I ∼ 1.68 at D S , which is the measured value of the extinction toward the field. We find that this constraint has little effect on the lens mass and distance distributions. This is because lenses, in most cases, are much fainter than the blend. For the same reason, the result would not change with the choice of different extinction model along the line of sight.
In Figure 18 , we present the distributions of the lens mass and the distance obtained from the Bayesian analysis. In Table 8, we list the estimated values of the individual lens components, M 1 , M 2 , and M 3 , the distance to the lens, D L , and the projected separations of the planets from the host, a ⊥,2 and a ⊥,3 . It is found that the lens is a multiple-planet system composed of two giant planets with masses 
The distance to the lens is estimated as D L = 7.1 +1.1 −1.5 kpc.
The estimated distance indicates that the lens is the farthest system among the known multiplanetary systems. We note that the previous multiplanetary system with the farthest distance is OGLE-2012-BLG-0026L that is located at ∼ 4.0 ± 0.3 kpc away Beaulieu et al. 2016) . The projected separations of the planets from the host are 
We note that the value of a ⊥,2 in the parenthesis of equation (11) is for the solution with s 2 < 1.0. The snow line of the planetary system is a sl ∼ 2.7 au (M/M ⊙ ) ∼ 0.5 au, and thus both planets are located beyond the snow line of the host similar to the other cases of the multiplanetary systems found by microlensing.
DISCUSSION AND CONCLUSION
We investigated the microlensing event OGLE-2018-BLG-1011, for which the light curve exhibited an anomaly around the peak. We found that it was not possible to reasonably explain the anomaly with the binary-lens or binary-source interpretations and its description required the introduction of an additional lens component. The 3L1S modeling resulted in three sets of solutions, in which one set of solutions indicated that the lens was a planetary system in a binary, while the other two sets of solutions implied that the lens was a multiplanetary system. By investigating the fits of the individual models to the detailed structure of the lensing light curve, we found that the multiple-planet solutions with planet-to-host mass ratios ∼ 9.5 × 10 −3 and 15 × 10 −3 were favored over the other solutions. From the Bayesian analysis for the bestfit solution, it was found that the lens is a multiple planetary system composed of giant planets with masses ∼ 1.8 M J and ∼ 2.8 M J orbiting a bulge star with a mass ∼ 0.18 M ⊙ located at a distance of ∼ 7.1 kpc. The projected separations of the planets from the host were a ⊥,2 ∼ 1.8 au (or ∼ 0.8 au) and a ⊥,3 ∼ 0.8 au, where the values of a ⊥,2 denoted with and without parentheses were the separations corresponding to the two degenerate solutions with close and wide separations. Therefore, both planets were located beyond the snow line of the host similar to the other four multiplanetary systems previously found by microlensing. 
